We consider the supersymmetric inverse seesaw mechanism for neutrino mass generation within the context of a low energy effective theory where supersymmetry is broken geometrically in an extra dimensional theory. It is shown that the effective scale characterizing the resulting compact supersymmetric spectrum can be as low as 500-600 GeV for moderate values of tan β. The potentially large neutrino Yukawa couplings, naturally present in inverse seesaw schemes, enhance the Higgs mass and allow the super-partners to be lighter than in compact supersymmetry without neutrino masses. The inverse seesaw structure also implies a novel spectrum profile and couplings, in which the lightest supersymmetric particle can be an admixture of isodoublet and isosinglet sneutrinos.
I. INTRODUCTION
The discovery of a light Higgs boson [1] has turned weak-scale supersymmetry (SUSY) into a leading candidate for a theory beyond the Standard Model (SM). The minimal supersymmetric version of the standard model, also known as MSSM, is meant to provide a solution to the gauge hierarchy problem in addition to a radiative electroweak symmetry breaking mechanism with a light Higgs boson and a successful prediction for the weak mixing angle. However, the non-observation of any signal associated to weak-scale supersymmetry, particularly in the searches carried out by the ATLAS [2] [3] [4] [5] and CMS [6] [7] [8] [9] experiments at the Large Hadron Collider (LHC) so far, have raised concerns in the particle physics community at large.
We emphasize here that even if the existence of supersymmetry is confirmed in the on-going experiments, the MSSM does not provide a complete picture of physics beyond the SM, as two critical questions remain to be answered: what is an underlying mechanism of SUSY breaking? and what causes neutrinos to have mass? Concerning the first question, it has been argued that the breaking of supersymmetry may arise from higher dimensional theories in which the extra spatial dimension(s) are compactified on orbifold [10, 11] . Specific models of SUSY breaking based on this mechanism in five spacetime dimensions were constructed in [12] . Moreover, it has been recently shown that such models contain sufficient conditions which lead to relatively compressed SUSY spectrum if the compactification scale is not very far from the SUSY breaking scale [13, 14] . A compact MSSM spectrum, in particular with an approximate degeneracy between the masses of gluino, squarks and neutralinos, is known to remain weakly constrained by direct searches [15] [16] [17] [18] . The MSSM with approximate degeneracy between all the sparticle masses, namely the Degenerate MSSM (DMSSM), has also been shown to satisfy various indirect constraints, allowing for a SUSY breaking scale as low as 700 GeV [14] .
Concerning the second issue, here we stress an important novel feature that emerges when neutrino masses arise from the seesaw mechanism [19] [20] [21] [22] [23] [24] [25] realized at low-scale, such as the inverse and linear seesaw realizations [26] [27] [28] [29] [30] . It has been long ago noted that in such schemes lepton flavour violation and CP violation rates are unsuppressed by the small neutrino masses [31, 32] . The associated phenomenology has been widely discussed in the recent literature see, for example, Refs. [33] [34] [35] [36] [37] [38] [39] .
In this paper, we consider the combined effects of having a compact supersymmetric spectrum as well as a lowscale seesaw origin of neutrino masses. For definiteness, we take the latter as the simplest inverse seesaw scheme in supersymmetry [33] . While by itself the first mechanism allows for a lower effective SUSY scale, in conjunction with the second this effect is further enhanced, lowering the supersymmetric masses down to 500-600 GeV for moderate values of tan β. The large Dirac-type Yukawa couplings allowed by the small neutrino masses within this setup enable a more natural way to account for the observed value of the Higgs boson mass [40] [41] [42] than in the simplest weak-scale degenerate SUSY scenario without neutrino masses.
Moreover, we note that in contrast to the standard MSSM case -which does not accomodate neutrino massesthe lightest sneutrino state may also be a viable cold dark matter (DM) candidate, in addition to the widely studied case of the neutralino. When such a sneutrino, mainly made of "right-handed" or singlet components, is the lightest SUSY particle (LSP), it behaves as a weakly interacting massive particle (WIMP). Its interesting phenomenology has been widely studied in the literature [43] [44] [45] [46] [47] also in the context of less minimal SUSY extensions, such as the NMSSM [48] [49] [50] .
This paper is organised as follows: section II contains a description of the model, including details of the SUSY breaking sector and the mass spectra. In section III, we discuss how our dedicated numerical analysis of the model is performed. In the same section we also list the experimental constraints applied on the model parameter space. In section IV, we thoroughly discuss the mass spectrum features resulting from our numerical analysis. Finally, in section V, we collect our results concerning the mixed sneutrino DM phenomenology. A final summary is given in section VI.
II. MODEL
In order to implement the inverse seesaw mechanism, the MSSM is extended by three generations of pairs of SM singlet superfields,ν c i andŜ i . Under a global U (1) symmetry corresponding to lepton number, the superfieldsν c i and S i carry a charge +1 and −1, respectively. The superpotential of the model can be written as
where the indices i, j = 1, 2, 3 denote three generations. The Y ν , M R and µ S are in general 3 × 3 complex matrices, with µ S symmetric. W MSSM denotes the standard MSSM superpotential:
The above superpotential induces small neutrino masses in the following way. After the electroweak symmetry breaking, the 9 × 9 neutrino mass matrix can be written -at tree level and in the (ν i , ν c i , S i ) basis -as
in which
v u Y ν is a Dirac mass term for the ν, ν c fields. Unlike the case of type-I seesaw mechanism, the smallness of active neutrino masses here is attributed to the smallness of the elements of µ S which characterize lepton number violation. This is in accordance with 't Hooft naturalness, since the limit µ S → 0 restores the lepton number symmetry. The parameter µ S can also be generated dynamically [45, 51, 52] . The 9×9 neutrino mass matrix can be diagonalised by a unitary matrix U ν , leading to 9 physical Majorana states. For µ S ≪ m D ≪ M R , the effective mass matrix m ν of three light neutrinos is given by the following inverse seesaw relation [26, 27] 
The masses of the three heavy quasi-Dirac neutrino pairs are dominated by M R and they are given by ≃ M R ± µ S . In short, the presence of non-vanishing µ S introduces lepton number violation in the model, which give rise to small masses for the SM neutrinos, through the inverse seesaw mechanism [33] . The similar mechanism may also be realized in left-right symmetric extensions of the SM [28] [29] [30] .
A. Supersymmetry breaking sector
The most general soft breaking of supersymmetry can be parametrised by the following Lagrangian:
where L
MSSM soft
contains the generic soft supersymmetry breaking terms in the MSSM. A compact SUSY spectrum at the weak scale can be obtained if the soft masses of gauginos, squarks and sleptons are taken to be approximately equal [14] . The soft masses are also required to be real and flavour universal in order to comply with non-observation of any statistically significant evidence of flavour or CP violation other than those predicted by the SM. These conditions are naturally realized in models of SUSY breaking based on the Scherk-Schwarz mechanism [11] . In this case, one begins with N = 1 supersymmetry in five dimensional spacetime where the extra spatial dimension is compactified on a circle of radius R. An orbifold is then constructed by introducing a Z 2 symmetry under which the extra dimensional coordinate transforms as y → −y. This gives rise to two fixed points: y = 0 and y = πR. The N = 1 SUSY in 5D is equivalent to an effective N = 2 supersymmetry in 4D [53] . The Z 2 symmetry of the orbifold is used to break one of these two supersymmetries [12] . The remaining 4D, N = 1 supersymmetry is broken by the so-called twist under which the superpartners of the SM fields are assumed to be non-cyclic, for example φ(y + 2πR) = e 2πiα φ(y), where α (0 ≤ α < 1) is a twist parameter. A non-vanishing value of α generates massive modes of these fields on the fixed points. The SM fields are assumed to be cyclic (with α = 0) which result into their massless modes at the fixed points.
If the matter and gauge fields are localized in the bulk and Higgs fields are introduced at a fixed point, the above way of SUSY breaking results into the following soft masses at the compatification scale 1/R [12] : adequate SUSY breaking sector on the fixed point on orbifold. The above choice of µ parameter implies approximate degeneracy in the masses of charginos and neutralinos, as discussed in the previous section. We also fix the sign of µ and B µ parameters, assuming them to be positive.
For the parameters in the neutrino sector, it is convenient to use the parametrization introduced in [38] , in which the 3 × 3 matrix µ S is fixed by inverting the seesaw relation:
where m ν = Diag.(m ν1 , m ν2 , m ν3 ) are the masses of the three light neutrinos and U is the lepton mixing matrix characterizing neutrino oscillations, assumed unitary as an approximation. The above parametrization allows to choose M R and Y ν as input parameters. One can choose diagonal and real M R without loss of generality. Once the values of parameters in Y ν and M R are fixed, µ S is determined using the global fit values of neutrino masses and mixing angles from [57] .
The various considerations and assumptions made above leave the following as free parameters in the model,
where M Ri are "right-handed", mainly singlet, neutrino masses. We will consider four different benchmark scenarios with particular choices for the values of M Ri and Y ij ν . These are listed in Table I . We assume diagonal and real with couplings of O(1) and consider, as examples, two sets of values for such couplings. For each of these choices, two example right-handed neutrino mass spectra are considered. For each case, we vary M S in the range from 400 to 1300 GeV and tan β in the range 5 to 30, as displayed in Table I .
The above framework is first implemented in SARAH 4.9.1 [58] . We then calculate the physical particle spectrum with SPheno 4.0.3 [59, 60] . We further use Micromegas 5.0.2 [61] to compute the thermal component to the sneutrino DM relic abundance. Note that the input parameters are defined at the compactification scale, which is assumed to be close to the SUSY breaking scale in order to avoid splitting from renormalization group evolution. Therefore, we neglect "running" in the soft parameters. SARAH 4.9.1 calculates all vertices, mass matrices, tadpoles equations, one-loop corrections for tadpoles and self-energies for the model. SPheno calculates the SUSY spectrum using low energy data and the supplied model as input. Notice that the masses are calculated at 2-loops. The flavour observables are computed with the FlavorKit [62] extension of SARAH.
After estimating the physical mass spectrum and various observables, we take into account the following relevant constraints from various direct and indirect searches.
a. Neutrino oscillation data : We require compatibility of our inverse seesaw model with the best-fit intervals for the neutrino oscillation parameters. This is implemented through Eq. (13) in which the masses in m ν and mixing parameters in U are taken from the results of the recent global fit to the neutrino oscillation data given in [57] . The yet undetermined Dirac and Majorana phases in U are set to zero for definiteness. We assume a normal ordering of light neutrino masses with the lightest active neutrino mass m ν1 = 0.01 eV.
b. Direct searches : So far the data from the LHC have not shown any indication of supersymmetric particles in direct searches. These data provide the strongest constraints on the masses of colored superpartners, namely squarks and gluino. However, these bounds are typically obtained in simplified schemes in which several specific assumptions are made for the masses of chargino and neutralinos and different branching ratios. For example, the latest analyses from ATLAS [2-5] made using 36.1 fb −1 data collected at √ s = 13 TeV disfavour gluino (squarks) with masses upto 1.85 (1.3) TeV. These hold in simplified schemes if the neutralino is massless. Similar studies from 35.8 fb −1 data collected at √ s = 13 TeV by the CMS collaboration [6] [7] [8] [9] yield lower bounds on the masses of gluino ∼ 2 TeV, third generation squarks ∼ 1 TeV and first two generation squarks ∼ 1.3 TeV again, for massless neutralino in simplified schemes. However, most of these stringent constraints become much weaker if the SUSY spectrum is compressed [15] [16] [17] [18] . If the mass difference between squarks/gluino and the neutralino lies within 100-200 GeV, the lower bounds on the masses of squarks and gluino can be significantly lower. For example, in such cases the masses of third (first two) generation squarks can be as small as 450 (600) GeV, while the gluino can be as light as 750 GeV, as inferred by the latest ATLAS [5] and CMS [9] analyses. We do not impose any such direct constraints on our spectrum, as these analyses assume specific decay channels as well as branching ratios which could be quite different in the specific model under consideration. Instead, we explicitly give the complete spectrum for the lowest value of M S allowed by the other constraints listed below for each of our benchmark scenarios. The resulting benchmark spectrum is found to be consistent with the limits discussed above. . The lightest CP-even Higgs boson in the MSSM is identified with the discovered scalar particle with mass close to 126 GeV. It is well-known that the observed value of Higgs mass requires significant contributions from higher loops involving SUSY particles, see for example [63] [64] [65] [66] [67] [68] [69] . In particular, such contributions require either multi-TeV squarks or large trilinear coupling in the top sector. The latter is naturally arranged in our framework as seen from Eq. (8) . Furthermore, the presence of neutrinos in the inverse seesaw model provides additional contribution to the Higgs mass at one-loop [40, 42] . This effect helps in reproducing the 126 GeV Higgs mass in our framework with relatively lighter stops. In our numerical analysis, the Higgs mass is computed using SPheno 4.0.3 which includes full two-loop calculation using a diagrammatic approach with vanishing external momenta [70] . In order to take into account the theoretical uncertainty in the estimation of Higgs mass, we allow ±3 GeV deviation from its experimentally measured value when comparing it to the model's prediction.
d. Invisible Higgs decay width : The properties of the Higgs boson observed at the LHC have been shown to be consistent with the predictions of the SM. Additional contributions to the Higgs boson width from non-SM decay channels can be constrained with the branching fraction of the Higgs boson decaying into lighter stable particles that interact very weakly with the detector [71] [72] [73] [74] [75] . In particular, the possibility that the lightest neutral Higgs boson in this model can decay invisibly into a pair of mixed sneutrino LSPs (with mass m h 0 /2) places an important constraint [76] . Current limits from ATLAS and CMS on the invisible branching fraction of the Higgs boson (assuming a SM Higgs boson production cross section) are around BR(h 0 → inv) 20% − 30% [77] .
e. Flavour observables in the B sector : Indirect constraints from flavour physics experiments, such as B factories and LHCb are often sensitive to high SUSY mass scales. For instance, the decay of a strange B meson (B s ) into two oppositely charged muons is very rare in the SM. Hence, this branching fraction is sensitive to new physics such as SUSY. The observation of B s → µ + µ − from the combined analysis of CMS and LHCb data is BR(B s → [79] . Throughout our analysis we apply R bsµµ = 0.74 ± 0.17 considering its 3σ
range. The measurement of the branching fraction of B → X s γ is currently performed with quite a good accuracy: BR(B → X s γ) = (3.32 ± 0.16) × 10 −4 [80] . Using the SM prediction at the next-to-next-to-leading-order prediction
, we get an allowed range for the ratio R bsγ = BR(B→Xsγ) BR(B→Xsγ)SM = 0.99 ± 0.08. We also apply this constraint at 3σ.
f. Lepton flavour violating observables : The non-observation of flavour violations in the charged lepton sector can also be used in order to restrict new physics models. In particular, rare decays and transitions such as the decay of the muon have been widely discussed within inverse seesaw models, with and without supersymmetry [33] [34] [35] [36] [37] [38] [39] [81] [82] [83] [84] [85] [86] . We apply the most stringent limit to date on the branching fraction of this rare muon decay, which has been set by the MEG experiment: BR(µ → eγ) < 4.2 × 10 −13 [87] .
g. Dark matter : We adopt a standard cosmological scenario, where the mixed sneutrino DM particles were in thermal equilibrium with the SM ones in the early Universe. Hence, if the mixed sneutrino is the only DM particle contributing to the cosmological DM, its relic density must fall within the cosmological range for cold DM derived by the Planck analysis [88, 89] : 0.117 ≤ Ων LSP ≤ 0.123 (3σ range). If other DM candidates are simultaneously present together with the mixed sneutrino then its relic abundance should be Ων LSP < 0.117. We note that our mixed sneutrino DM scenario can be probed in direct detection (DD) experiments, which are designed to detect the nuclear recoil in the scattering of galactic sneutrinos off target nuclei (see for instance [90] ). The signal rate depends on astrophysical quantities (subject to considerable uncertainties), such as the local density and velocity distribution of sneutrinos in our galaxy and, from the particle physics side, on the sneutrino LSP mass and on the scattering cross section [44, 46] . The current most stringent limit on WIMP-nucleon spin-independent (SI) elastic scattering cross section has been set with 278.8 days of data collected by the XENON1T experiment at LNGS [91] .
Apart from the above restrictions, there are several other indirect constraints on new physics, for instance from hadronic and leptonic flavour physics data and the anomalous magnetic moment of the muon (g − 2) µ . We however do not include all of them since those discussed in the previous paragraphs are known to have dominant effects on the MSSM with low scale SUSY. The list of constraints imposed on the parameter space of our model are summarised in Table II .
Observable
Constraint applied
Ων LSP h 2 ≤ 0.123 Table II . Main experimental constraints applied on the model parameter space.
The results obtained from the numerical analysis, as discussed in the previous sections, are outlined in the next sections. We first discuss the particle spectra in various benchmark scenarios and then we provide a detailed discussion of the mixed sneutrino DM phenomenology.
IV. PARTICLE SPECTRA
As discussed earlier, one of the main features of this model is an enhancement in the Higgs mass provided by the presence of neutrinos with Yukawa couplings of O(1). In Fig. 1 , we display the constraints on tan β and M S arising from the Higgs mass for the four different benchmark scenarios defined in Table I . In all the panels, the grey points correspond to solutions excluded by at least one of the constraints listed in Table II Grey points are excluded by at least one of the constraints listed in Table II . Dark grey points refer to mass spectra with mν LSP < m h 0 /2. (We do not impose the constraint on the sneutrino relic density.) From the top-left to the down-right corner, the four panels refer to the benchmark scenarios P1 to P4 respectively, see Table I . The green contour in P1 and P3 corresponds to the lower limit on MS obtained from the Higgs mass constraints with Yν = 0 (i.e. without inverse seesaw mechanism).
GeV and 7 tanβ 12 (P2), 650 M S 1000 GeV and 5 tanβ 13 (P3), 1050 M S 1300 GeV and 5 tanβ 8 (P4). The lowest value of the SUSY-breaking scale -in agreement with the constraint on the Higgs mass -is M S ∼ 700 GeV in P1 and M S ∼ 600 GeV in P3. The Higgs mass increases for larger values of M S due to an enhancement in the loop contributions from relatively heavier stops.
In the panels corresponding to the benchmark scenarios P1 and P3, a (green) contour corresponding to the lower limit on M S obtained from the Higgs mass constraints with Y ν = 0 is displayed, in order to compare our results with those of the standard massless neutrino case given in [14] . Clearly, the nonzero value of Y ν helps in accommodating the observed Higgs boson mass with relatively lower M S , as seen from the left panels in Fig. 1 . Notice that one obtains considerable enhancement in m h 0 for P3 because of the larger Y ν values assumed in this case with respect to those in P1 (see above). The extra contribution to the Higgs mass due to the presence of O(1) Dirac Yukawa couplings possible in the inverse seesaw model, allows slightly lower value of M S in comparison to the standard massless neutrino case.
We have checked that, solutions with M S as low as ∼ 400 GeV are possible, with Y ν ∼ 1. Such points are nevertheless subject to strong constraints from the direct searches at the LHC as described in section III.
For the excluded regions in panels P1 and P3, lowest values of tan β and M S are disfavoured by m h 0 < 123 GeV, while the bottom-right region corresponding to large tan β is excluded by the B → X s γ constraint. The top-right region in P3 leads to m h 0 > 129 GeV and hence it is excluded. In the benchmark scenarios P2 and P4, sneutrinos are degenerate with the rest of the SUSY spectrum. This happens because in P2 and P4 the chosen range of M S and the values of the right-handed neutrino masses in M R do not satisfy either of the cancellation conditions discussed below Eq. (12) . Therefore, one does not get light sneutrino in this case. Instead we observe that for M S 1 TeV, usually stau or stop is the LSP and hence this region is disfavoured because it does not provide a viable DM candidate.
The masses of sneutrinos primarily depend on the parameters: M S , M Ri , Y ij ν and µ S . The values chosen for these parameters lead to most sneutrino masses lying in the TeV scale regime. However, as discussed in section II B, particular choices of M Ri and M S can give rise to very small masses for at least one of the sneutrinos, hence being the LSP. In Fig. 2, we show the values of the sneutrino LSP mass, in the parameter space tanβ -M S . Grey points denote exclusions due to at least one of the constraints listed in Table II . Dark grey points refer to mass spectra with mν LSP < m h 0 /2. (We do not impose the constraint on the sneutrino relic density.) From top-left to bottom-right, the four panels refer to the benchmark scenarios P1 to P4 defined in Table I .
.
Notice that the sneutrino LSP can be as light as few GeV in some regions of the parameter space. As discussed previously, the large off-diagonal entries in the sneutrino mass matrix of Eq. (11) lead to a large splitting between the eigenstates when M S ∼ 0.67M R . As can be seen from the choice of input parameters given in Table I , such a condition can be realized only in case of P1 or P3. This leads to the lightest sneutrino mass as small as ∼ 50 GeV in these cases. In contrast, the "cancellation" does not happen for the benchmark scenarios P2 and P4. In this case the lightest sneutrino remains relatively heavier, as can be seen from Fig. 2 . To summarise the discussion regarding the SUSY spectra found in our numerical scans, we present a complete spectrum for one representative point from each of the benchmark scenarios in Table III . Particle spectra and relevant observables for four benchmark points from scenarios P1, P2, P3 and P4.
V. MIXED SNEUTRINO DARK MATTER
The novelty of embedding the inverse seesaw mechanism within the DMSSM is that the SUSY spectrum allows now for a bosonic DM candidate, which is the lightest sneutrino (in addition to the neutralino, which may also be allowed). We now proceed to discuss the phenomenology of the mixed sneutrino as DM candidate.
a. Relic density The relic abundance of the mixed sneutrino DM is a direct consequence of the strength of its annihilations. Thus, in full generality, the relic density of mixed sneutrinos depends on the magnitude of the Yukawa coupling Y ν . Indeed, should the sneutrinos be pure singlets (ν c or S), they would not couple to gauge bosons and thus they would tend to be overabundant. For mixed sneutrinos, their relic density will depend on Y ν and in general Y ν > ∼ 0.1 is required in order to produce sufficient annihilations so as to lower the relic density below the current cosmological bounds (unless different mechanisms, such as coannihilations are present) [46] . Nevertheless, Y ν is also relevant in determining other observables, such as the Higgs mass and the radiative lepton flavour violation decays such as µ → eγ. Of course, in the latter case the flavor structure of Y ν plays a key rôle.
We show in Fig. 3 are shown as palette-coloured points. Moreover, grey points are excluded by at least one of the constraints listed in Table II .
The green contour is the same as in Fig. 1 .
The panels in Fig. 4 show the dependence of the sneutrino LSP relic density in the tanβ -M S plane, for the four benchmark scenarios. Besides the region of parameter space where the sneutrino mass is close to m h 0 /2, values of the relic density consistent with cosmological observations can be obtained in P3 for 600 M S 750 GeV and 6 tanβ 14 and in P2, P4 for M S ∼ 1100 GeV. Notice that the combination of input parameters in scenario P3 allows to get a SUSY breaking scale as low as M S ∼ 650 GeV in agreement with the relic density constraint. In contrast, in scenario P1 the solutions with M S 900 lead to overabundance of DM, Ων LSP h 2 > 0.1.
In Fig. 5 we present values of the sneutrino LSP relic density as a function of its mass. The black lines in Fig. 5 represent the (thin) 3σ band of the cold DM density of the Universe as measured by the Planck collaboration [89] . Solutions of the numerical scan where the sneutrino LSP has a viable relic density are depicted as cyan points. These either provide the total cold DM in the Universe, or just a fraction. Blue points denote instead solutions which survive the constraints described in Sec. III, but that lead to overabundant dark matter. Full dots (crosses) denote scenario P1 (P2) respectively, in the left panel and P3 (P4) in the right one.
Scenario P1, even if characterised by quite large values of Y ν , in general leads to overabundant sneutrino DM, unless the sneutrino mass is low enough to allow for annihilations via s-channel Higgs exchange. The depletion of the relic density due to this annihilation channel, around mν LSP ∼ 60 GeV, is clearly visible in both panels of Fig. 5 . While efficient annihilations via s-channel Higgs exchange allow for small values of the relic density, when mν LSP m h 0 /2 it is very likely for these solutions to be in conflict with current collider limits on BR(h 0 → inv). Indeed, we have checked that most of these solutions in the left side of the Higgs pole have BR(h 0 → inv) ∼ 60% and they are therefore depicted as grey points.
The annihilation channel via Z 0 exchange, although also manifest in both panels of Fig. 5 , is less efficient than the Higgs-mediated one, since the coupling between two scalars (ν LSP ) and a vector (Z 0 ) is momentum suppressed. As the (Ων LSP h 2 ). Grey points denote exclusions due to any of the constraints described in Sec. III. Dark grey points refer to mass spectra with mν LSP < m h 0 /2. The four panels correspond to the benchmark scenarios P1-P4.
sneutrino mass increases, quartic interactions with gauge bosons become effective and, when kinematically allowed, also two-top final states. Hence, for mν LSP > ∼ 80 GeV annihilations into W + W − are particularly important (more than Z 0 Z 0 ) and for mν LSP > ∼ 120 GeV also the two Higgs final state becomes kinematically accessible. While these annihilations can be quite large, they do not manage to reduce the relic density enough in P1, except for very few solutions at mν LSP ∼ 100 GeV. In contrast, the larger values of Y ν characterising P3 allow for solutions in agreement with the Planck constraint around mν LSP ∼ 100 and up to ∼ 500 GeV. We stress that since there is a strong relation among most parameters of this model -and in turn among different physical observables -it is not straightforward to comply with all the constraints applied to the parameter space.
Scenarios P2 and P4 are characterised by heavier mν LSP , which are now degenerate with the rest of the sparticle spectrum. In these cases the mixed sneutrino is not always the LSP (as already noticed in the previous discussion). However, when it is, its relic density would be in general too large unless there are coannihilations, usually with stops. Moreover, and independently of mν LSP , since the lightest sneutrinos mass eigenstate is also a CP eigenstate, it coannihilates with the corresponding opposite-CP sneutrino eigenstate (the difference in mass being almost negligible in most of the parameter space considered here)
2 . 
b. Direct detection
The sneutrino-nucleus coherent scattering receives two contributions at tree level: the tchannel exchange of a neutral Higgs or of a Z boson (see [44, 46] for a detailed description). To compare with experimental results it is convenient to consider the scattering cross section on a single nucleon, multiplied by a factor ξ = Ων LSP Ω obs , to rescale the local density of the sneutrino DM to the measured value of cold DM abundance and thus to take into account the possibility that the sneutrino is an underabundant DM candidate.
We show in Fig. 6 the mixed sneutrino spin independent cross section versus the LSP sneutrino mass. The colour code is the same as in Fig. 5 : full dots (crosses) denote scenario P1 (P2) respectively, in the left panel and P3 (P4) in the right one. The cyan points lead to viable relic density, whereas the dark blue lead to overabundant DM. The plain black line denotes the current most stringent limit from XENON1T [91] . Grey points are excluded by any of the constraints described in Sec. III. For a standard isothermal DM halo the current constraint from XENON1T already excludes most of the solutions, except for heavy sneutrinos where coannihilations are important and for the region where the sneutrino annihilates resonantly through the Higgs boson. In the latter case, while unconstrained by the Higgs invisible width (i.e. with mν LSP > ∼ m h 0 /2) some allowed solutions lie just below the current XENON1T bound and they could be probed by forthcoming DD data. Moreover, in the near future, DD experiments are planning to push the sensitivity on spin-independent DM-nucleon interaction to the irreducible neutrino background. For instance, an upgrade of XENON1T, XENONnT, should improve upon the current result by more than an order of magnitude, thus probing also the allowed solutions at mν LSP ∼ M S ∼ 1 TeV.
c. Indirect detection Mixed sneutrino DM may also give rise to indirect detection signals. Indeed, mixed sneutrinos distribute in the galactic halo and they may annihilate in pairs to SM particles, in particular photons, charged leptons and neutrinos. Among the annihilation products which may be searched for, gamma rays are among the most promising messengers, since they preserve the spectral and spatial features of the DM signal. Gamma rays from sneutrino annihilation mostly come from the decay of neutral pions and other mesons produced via hadronization of quarks and gauge bosons. Nevertheless, the gamma-ray signal from sneutrino annihilations is strongly sensitive to . the distribution of the DM in the Galaxy. The computation of the gamma-ray flux therefore depends on assumptions about the DM density profile, which enters quadratically in the integral over the line of sight and the solid angle subtended by the observation (see for instance [92] for a review).
The strongest constraints on the velocity-averaged annihilation cross section σv and WIMP mass come from the Fermi-LAT analysis of gamma-ray data from dwarf galaxies [93] . They already exclude annihilation cross sections larger than the expected thermal cross section for DM lighter than ∼ 100 GeV. At heavier masses, HESS observations towards the center of the Galactic halo impose the most stringent limits [94] . These constraints are channel dependent, the most stringent bounds being obtained for heavy quarks (bb) and for the leptonic channel that gives the largest DM gamma-ray flux, τ + τ − . In our model, the mixed sneutrino annihilates dominantly into
bb and τ + τ − , with different branching ratios and dependent on the mass regime. While a thorough analysis of indirect detection signals from mixed sneutrino annihilations is out of the scope of this work, we have checked that the solutions which survive all the other constraints (see Sec. III) in general lead to ξ 2 σv (also weighted by the respective branching fraction) which lie below the current limits from Fermi-LAT [93] . While at present the constraints from direct detection experiments seem to be more important, future high-energy low-threshold gammaray space experiments such as eASTROGAM [95] or COMPAIR [96] together with ground-based telescopes like the High-Altitude Water Cherenkov Observatory (HAWC) [97] , the Large High Altitude Air Shower Observatory (LHAASO) [98] and the Cherenkov Telescope Array (CTA) [99] will further probe the mixed sneutrino DM scenario.
VI. CONCLUSIONS AND OUTLOOK
We have considered supersymmetric version of the inverse seesaw mechanism in the context of a low energy effective theory, where soft SUSY breaking arises from a higher dimensional theory in which the extra spatial dimension is compactified on an orbifold. If the compactification scale lies close to the SUSY breaking scale, a compressed SUSY spectrum with approximate degeneracy amongst sparticle masses can arise. We have built upon previous analyses -performed within the simplest Degenerate MSSM with massless neutrinos -by implementing the inverse seesaw mechanism, in order to accommodate neutrino masses and mixings as required by the current oscillation data. Other low-scale seesaw scenarios, such as the linear seesaw mechanism [28] [29] [30] , can also be envisaged and analysed in a similar manner.
By means of detailed numerical analyses, we have shown that the implementation of the inverse seesaw mechanism within a compact SUSY context leads to important effects. First of all, the large neutrino Yukawa couplings introduced in this framework allow us to accommodate the observed value of the Higgs boson mass in a more natural way, compared to the simplest weak-scale SUSY scenario without neutrino masses. Second, the effective SUSY breaking scale can be lowered thanks to the combined effect of having a compressed super-particle spectrum, as well as the presence of the new Yukawa couplings characterizing neutrino mass generation in the inverse seesaw mechanism. We have found that the scale characterizing the compressed supersymmetric spectrum can be as low as 500-600 GeV for tan β ∼ 10, even after taking into account the most relevant experimental restrictions from collider, high-intensity and cosmological observations. Last but not least, the inverse seesaw mechanism also implies that a mixture of isodoublet and isosinglet sneutrinos can be the LSP, thus allowing for a novel WIMP dark matter candidate, besides the standard neutralino. Interestingly, in some regions of the parameters the sneutrino DM can be quite light, with mass 100 GeV, while the remaining SUSY spectrum is approximately degenerate.
Besides the searches for supersymmetric partners, we note that inverse seesaw schemes with sneutrino-like dark matter have their own collider implications. Indeed, these low-scale seesaw schemes offer the tantalizing possibility of searching directly for the messengers of neutrino mass generation at collider energies. This task has been taken up since the LEP days [100, 101] . Dedicated searches for the quasi-Dirac heavy neutrinos typical of these schemes can be conducted using proton-proton collisions at the LHC, see for instance [102, 103] . The results of a recent search were reported in [104] . Prospects for probing these heavy neutrinos at future experiments such as SHiP, FCC-ee or CEPC have also been discussed, see [105] and references therein.
In summary, we have considered a well-motivated theoretical framework which addresses open problems concerning the origin of neutrino masses and the naturalness of the Higgs boson mass. In addition to the theory motivations, this model leads to interesting phenomenological features. The low-scale SUSY spectrum will be further probed at the LHC through direct searches. However, we stress that dedicated collider searches should take into account specific features of this scenario, both spectrum and couplings, associated to the presence of the inverse seesaw mechanism. They imply that the lightest supersymmetric particle is expected to be a mixture of isodoublet and isosinglet sneutrinos. In addition to such specific collider implications, our sneutrino-like dark matter scenario will be further probed by dedicated direct as well as indirect search experiments.
